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We present an ab initio potential energy surface for the van der Waals system argon-w ater .  
The points on the surface are computed as a sum of H eit le r-L ondon  short range repulsion, 
damped dispersion, and dam ped induction. D am ping  is done in the m anner first proposed by 
Tang and Toennies. We give the surface analytically in the form of a spherical harm onic 
expansion through 1 = 1. The expansion coefficients are represented by functions depending on 
the distance between the centers of mass o f  the monomers. We also present an A r - D 20  
potential obtained from the A r - H 20  potential by translating the center of mass of the water 
molecule. An analytic formula for the translation of polarizabilities is derived and applied to 
the com putation  of the long range energy of A r - D 20 .  The short range part of the energy is 
translated numerically. Finally, the potential is checked by comparison of computed 
interaction virial coefficients with experimental data.
I. INTRODUCTION
The van der Waals interaction of the water molecule 
with other molecules is receiving continuous attention due to 
its central role in all kinds of biological processes. Pair poten­
tials for rare g a s -H 20  are used in the modeling of “ hydro- 
phobic" interactions .1-4 These interactions are believed to be 
of dom inant importance for the conformation of proteins 
and nucleic acids and also for the stability of micelles and 
biological membranes. As an example of another field of 
research where an accurate A r - H 20  potential is useful, we 
may mention that water is present in interstellar clouds. 
Knowledge of the interaction of water with H 2 and rare gas­
es is needed to model the thermal balance in these clouds ,5 as 
well as to explain the existence of strong interstellar water 
masers. The scattering of H 20  and D : 0  by H 2 and by rare 
gas atoms has been studied by several au tho rs .6,7
Recently, four far-infrared ro ta tion/v ibration  bands of 
A r - H 20  have been published by Saykally and co­
w orkers .8,9 Cohen and Saykally10 have fitted an analytical 
model for the anisotropic intermolecular potential energy 
surface to these spectra. Model calculations of the rovibra- 
tional states of A r - H 20  have been reported by H u tso n . 11 
Near-infrared measurements on the same system have been 
made by Lascola and Nesbitt , 12 while Fraser et a l .]} per­
formed microwave measurements. Zwart and M eer ts 14 de­
termined two far-infrared bands of the complex consisting of 
argon and deuterated water. Since the complexes are highly 
nonrigid, these spectroscopic data  are difficult to interpret. 
The equilibrium structure  of the van der Waals complex has 
not been established yet. A complete understanding of the 
spectra requires a reliable and detailed potential energy su r­
face. Such a surface is difficult to obtain by inverting experi­
mental data and also its ab initio calculation is not an easy 
task. Q uantum  chemical computations of the interaction po­
tentials for rare gas-w ater  complexes are scarce and incom­
plete. 15-1 9
In the present paper a quantum  chemical calculation of 
the full potential energy surface of A r - H 20  and its isotopic 
substitute A r - D 2 O are presented for the equilibrium geome­
try of the water molecule. The com putation  is divided into 
two separate tasks: first, the short range energy is obtained 
from a fit to a large num ber of H eit le r-L ondon  (H L )  ener­
gies and second, the long rang energy is com puted in the 
multipole expansion through R ~ 10. The long range disper­
sion coefficients are obtained by many-body perturbation 
theory calculations ( M B P T ).20 Charge overlap and ex­
change effects in the long range interactions are taken into 
account with the aid of Tang and Toennies-like damping 
functions21' 23 containing param eters determined from the 
ab initio short range part of our potential surface. By means 
of a simple transformation the potential of A r - D 2 O is com ­
puted from thè potential of A r - H 20 .
The ab initio A r - H 20  potential is used in the present 
paper for the computation of interaction second virial coeffi­
cients including quan tum  corrections. In a forthcoming pa­
per ,24 the potential energy surfaces will be used in calcula­
tions of the rovibrational levels of A r - H 20  and A r - D 20 .
II. THE COMPUTATION OF THE POTENTIAL ENERGY 
SURFACE
We express the interaction energy in coordinates rela­
tive to the principal axes frame of the water molecule. The 
energy depends on the polar coordinates (/?,0 ,O ) of the 
vector R pointing from the nuclear center of mass of H 2 O to 
the A r  nucleus. The rigid water molecule is placed in the xz  
plane with its nuclei in their equilibrium positions ,25 i.e., O 
(0,0,0.1239) and H ( ±  1 .4 3 0 4 ,0 , -  0.9832) (in bohr) ,  
which corresponds to an O H  bond length of 1.8088 bohr and 
an H O H  angle of 104.52°.
The interaction energy is expanded in normalized tes­
serai (real) harmonics
V AB{R,®,<!» =  £  ^  vlm(R )S lm(Q,<t>). (1)
I = 0 0
Due to the C2l, symmetry of H 20 ,  no sine-type tesserai h a r ­
monics ( labeled by m  < 0 ) appear in this expansion and only 
even values of m  contribute. In order to obtain the expansion 
coefficients v,m ( R  ), it is convenient to divide them into short
8096 J. Chem. Phys. 94 (12), 15 June 1991 0021 -9606/91 /128096-09$03.00 ©  1991 American Institute of Physics
Bulski, Wormer, and van der Avoird: Potential surface Ar-H20 8097
and long range contributions
vlm( R ) = v ™ ( R ) + v } £ ( R ) .  (2)
We shall com pute these terms separately.
A. Short range
The short range energy is computed by a H eitler-Lon- 
don (H L )- ty p e  expression, see Eq. (5) of Ref. 26. The calcu­
lations of the H L  energies have been performed with the 
a t m o l  package27 and the use of the following spherical 
Gaussian basis sets: O (14^ 8/? 4d),  H  ( 8s 3p) and A r (145 
10/?) of Ref. 28. The basis set of oxygen is constructed from 
135 8p  functions taken from the compilation of van Duijne- 
veldt2l> and is augmented with one diffuse s function (expo­
nent 0.074 19) and four d  sets (exponents: 4.0, 1.218 87, 
0.361 02 ,0 .1 ) .  The hydrogen basis is the 85 expansion of Ref. 
29 and the three p  exponents are: 1.5, 0.4, 0.1. The polariza­
tion exponents are taken from Ref. 30, where it was shown 
that they yield near H artree -F ock  estimates not only for the 
self-consistent field (S C F) energy and the dipole moment, 
but also for many different second order properties. An ex­
tension of this basis set with an additional ƒ  set on the oxygen 
and a d  set on the H atoms has been investigated and found 
not to influence the final values of the H L  energies. The SCF 
energy of H 20  in this augmented basis is — 76.066 512 9 
Eh. In Table I some relevant SCF m onom er properties are
TABLE I. M onom er properties of H 20  and A r (in atomic units: energy in 
Eh, multipole moments Q \n in ea'n ).
h , o Ar
e scf -  76.065 350 456“ -  526.810 506 5
HF limit -  76.08h -  526.8175e
Q i -  0.7796“
e i -  0.7792d
Q i -  0.7337c
Q'o -  0.7268 ±  0.0004'
-  0.7296 ±  0.0002g
Q l Q l -  0.079, 2.158h
Q l Q l — 0.063, 2.204'
Q l  Q\ -  0.10 ±  0.02,2.205 ± 0 .0 2 J
Q l Q l 1.909, — 3.5241'
Q l Q l 1.905, -  3.587'
Q l Q l Q t -  3.665, 4.750, 3.916h
Q l Q l Q l 1.173,0.957, -  12.221h
" Present SCF results obtained with the basis set used for the calculation of 
the Heitler-London energy.
1 J. A. Pople and J. S. Binkley, Mol. Phys. 29, 599 (1975).
CC. Froese Fischer, The Hartree Fock Methodfor Atoms (Wiley, New York,
1977).
'S C F  value from J. Almlof and P. R. Taylor, J. Chem. Phys. 92, 551 
(1990).
CSDCI value from the same reference as d.
1 Experimental value from S. A. Clough, Y. Beers, G. P. Klein, and L. S. 
Rothman, J. Chem. Phys. 59, 2254 ( 1973).
8 Experimental value from T. R. Dyke and J. S. Muenter, J. Chem. Phys. 59, 
3125 (1973).
h Present SCF results obtained with the basis set used for calculation of the 
long range coefficients.
'S C F  values from J. G. C. M. van Duijneveldt-van de Rijdt and F. B. van 
Duijneveldt, J. Mol. Struct. 89, 185 (1982).
' Experimental values from J. Verhoeven and A. Dymanus, J. Chem. Phys.
52, 3222 (1970).
presented that have been obtained in the same uncontracted 
basis set as is used in the H L  calculation.
The quality of the basis applied in the H L  calculation is 
so high that we have no need for the double centered basis set 
app roach .31 Indeed, we have checked for several orienta­
tions that the basis set superposition error in a dimer SCF 
calculation, performed with the same basis, is only o f  the 
order of a few percent at R  =  7.5 bohr; at the H L  level this 
error is known to be much smaller than at the SCF level.
The expansion coefficients v** (R  ) are Fourier coeffi­
cients of the H L  energy in the basis S lm ( 0 , 0 )  and are com ­
puted by a G auss-Legendre  and a Gauss-Chebyshev quad ­
rature for cos 0  and cos <t>, respectively. On account of the 
symmetry of H : 0 ,  the integral over the full range of the 
polar angles of R may be evaluated as four times the integral 
on [0<4>< ( 7r / 2 ) ], which reduces significantly the number 
of required 4> points. F rom  our previous experience ,26 we 
estimated that a grid of ten angles 0  and five angles O  on 
intervals ( 0, i t )  and [0, ( 7r / 2 ) ] , respectively, is sufficient to 
obtain all the spherical expansion coefficients through
(/ ,m ) =  (9,8).
The H L  energy is computed for three separations 
R  =  5.5, 6.5, and 7.5 bohr, which means that in total 150 
points entered the fit. Each calculation took ~ 1 2  min of 
C PU  time on a NAS 9060 computer. The distance depend­
ence of the expansion coefficients ( R  ) is described by the 
following function
v ^ ( R )  = F , m exp[ - a , mR - 0 ,„ ,R 2], (3)
if all signs of v**(R)  are the same, and by
u ^ ( R )  =  F,m ( 1 +<5/mÆ )exp[ - a , mR  ], (4)
if the coefficients v** (R  ) change sign as a function of R.
A comparison of the final fitted potential with the ab 
initio results on which the fit was based, as well as with n u ­
merous additional calculations off the grid points, show a 
typical approximation error of the order of 0.1 %. Neglect of 
terms with ( l ,m)  > (7,6) does not increase the error signifi­
cantly ( 0 . l% - 0 .5 % )  and therefore we are able to restrict 
our very accurate expansion to 20 terms. The parameters 
determining the short range fits are presented in Table II A.
%
B. Long range
The basis sets used to calculate the long range coeffi­
cients differed from those used for the short range, since it is 
important that polarization effects are described accurately. 
The basis set of H 20  was identical with the one used in Ref.
20, i.e., the O (10s 6/?) basis of H uzinaga32 with the most 
diffuse 5 and p  orbitals substituted by two others, according 
to the recipe of W erner and M eyer .33 The three d  sets of 
W erner and M eyer33 and two ƒ  sets with exponents 0.3 and 
0.1 were added to this basis. For  the H atom the (7s 2p \d)  
basis of Diercksen and Sadlej was used .34 For the A r atom 
we used a ( 13s 1 Op 5d 3 /  3g ) basis where the isotropic part of 
the basis set is an extension of the ( 12s 9p) basis of H uzin­
aga32 with the most diffuse s function replaced by two func­
tions with exponents 0.256 108 and 0.0861 and the most dif­
fuse p  function replaced by two functions with exponents 
0.174 539 and 0.0698. The first five s and four p  functions
J. Chem. Phys., Vol. 94, No. 12,15 June 1991
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T A B L E  II. (A )  Short range interaction parameters for A r - H 20 .  The parameters Flm, and 6lm occur
in the representation of the H eitler-London energy by Eqs. (3) and (4) .  For R > 56 bohr the coefficients with 
negative /3lm must be set to zero. The parameters alm occur in the second order damping functions, Eq. ( 6 ). ( B )
Short range interaction parameters for A r - D : 0 .  The parameters F,m, a lm, and 5,m occur in the represen­
tation of the H eitler-London energy by Eqs. (3) and (4).  Spherical expansion coefficients smaller than 0.1%  
of the isotropic coefficient have been omitted. For R>  52 bohr the coefficients with n e g a t i v e m u s t  be set to
zero. The parameters a,m occur in the second order damping functions, Eq. ( 6 ).
(A ) / m
( £ * )
«  hr,
K ~ ' )
ßlm
( Oo- 2 )
0/m
K - ' )
^ lm
K " 1 )
0 0 551.057 966 1.721 924 0.017 528 2 1.949 790
1 0 -  76.133 054 1.581 743 0.025 396 4 1.911 896
2 0 0.015 400 0.218 326 0.102 468 2 1.550413
2 2 19.063 198 0.989 211 0.102 924 1 2.327 291
3 0 54.688 845 1.723 256 0.020 260 2 1.986 639
3 2 -  81.926 893 1.647 111 0.026 251 9 1.989 051
4 0 -  28.117 622 1.791 526 0.014 073 8 1.974 485
4 2 29.869 747 1.738 920 0.018 265 3 1.976 370
4 4 13.820 575 1.506 312 0.052 604 9 2.190 176
5 0 1.818 330 1.757 951 0.010 259 1 1.891 318
5 2 7.101 746 1.975 973 - 0 . 1 6 4  471 1.975 973
5 4 -  29.972 026 1.888 772 0.016 834 0 2.107 614
6 0 13.836 876 2.178 229 - 0 . 0 0 2  225 4 2.149 298
6 2 -  20.991 316 2.139 385 0.000 067 4 2.140 262
6 4 29.499 208 2.160 269 -  0.003 257 2 2.117 925
6 6 8.974 108 2.050 898 0.013 224 5 2.222 816
7 0 -  13.569 631 2.373 617 -  0.015 587 4 2.170 981
7 2 19.542 125 2.391 738 -  0.017 509 8 2.164 110
7 4 -  13.283 046 2.410 654 -  0.021 165 3 2.135 506
7 6 -  24.739 204 2.439 272 -  0.016 562 3 2.223 963
(B) / m F,m t f / m ßlm s lm aim
(£ , ) U n " ' ) ( a c T 2 ) ( V ' ) ( ^ 0-  *)
0 0 552.828 074 1.726 427 0.017 327 4 1.951 684
1 0 -  28.459 697 1.476 194 0.032 407 2 1.897 487
2 0 -  34.600 730 1.958 822 -  0.150 795 1.958 822
2 2 12.148 927 0.833 523 0.118 053 9 2.368 223
3 0 54.380 599 1.730 335 0.019 459 9 1.983 313
3 2 -  75.525 308 1.663 344 0.023 111 1 1.972 382
4 0 -  19.271 159 1.786 209 0.013 844 7 1.966 189
4 2 18.841 861 1.739 249 0 .0 1 7 7 1 3 0 1.969 518
4 4 13.459 204 1.499 845 0.053 624 1 2.196 957
5 0 • • • • • • • • • 3.586 149
5 2 4.471 146 1.669 912 0.042 691 7 2.224 904
5 4 -  28.964 434 1.922 397 0.013 715 6 2.100 700
6 0 14.103 233 2.191 632 -  0.004 802 1 2.129 206
6 2 -  20.079 560 2.161 404 - 0 . 0 0 2  681 5 2.126 545
6 4 25.347 291 2.210 765 -  0.007 523 8 2.1 12 956
6 6 8.979 083 2.053 720 0.013 246 4 2.225 924
7 0 -  10.019 737 2.408 665 -  0.018 786 1 2.164 446
7 2 14.763 901 2.458 398 -  0.023 346 9 2.154 889
7 4 • • • • • • • • • 2.096 455
7 6 -  24.370 877 2.474 516 - 0 . 0 1 9  484 2 2.221 222
were contracted. Polarization sets used here have the follow­
ing exponents d  (4.803 195, 1.501, 0.469 063, 0.146 582, 
0.045 807), ƒ  (0.3, 0.125, 0.05), and g  (0.7, 0.295, 0.117). 
Values of static polarizabilities for H : 0  and argon obtained 
in this basis are displayed in Table III.
The dispersion coefficients in Table IV A have been cal­
culated from the C asim ir-Polder integral .35 The required 
frequency-dependent polarizabilities of A r and H : 0  have 
been obtained at the M B P T 21’ level of approximation. The 
induction coefficients in Table V A have been calculated 
from static polarizabilities at the M B PT  level for argon and 
permanent moments on H 20  at the SCF level. O ur long
range expansion coefficients are of the form
10
(7?) =  -  X  (R)C["'R —LRu  Im (5)
n =  6
where the C 1"' are the dispersion and induction coefficients 
of Tables IV A and V A, respectively. The damping func­
tions are immediate generalizations22,23 of  the functions in­
troduced by Tang and Toennies21 for the interaction be-
tween atoms,
n
I (o lmR)
k
- k  =  0 k  !
exp[ a Im R 1 ,
// (6)
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TABLE III. Static polarizabilities a  (in atomic units); a , , a 2, and a ,  are the isotropic dipole, quadrupole and
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octupole polarizabilities.
«3
<*xx
h 2o
CLyy
•
«2
MBPTa 10.23 9.76 9.14 9.71 47.40
377.6
SCFh 9.17 7.91 8.51 8.53
MP4b 10.09 9.57 9.84 9.83
CEPA-1C 9.81 9.59 9.64 9.68
SDCId 9.68 8.69 9.10 9.16
Experimental0 10.01 9.26 9.62 9.64
Ar
«i «2 «3
Present (T D C H F ) 10.736 50.973 548.88
Present (M B P T ) 11.369 53.366 570.49
Numerical C H F r 10.76 50.21 531.3
Experimental8 11.074
11.081
1 Reference 20 (used in present calculation).
hG. H. F. Diercksen, V. Kello, and A. J. Sadlej, J. Chem. Phys. 79, 2918 (1983) (finite field m ethod). 
c Reference 33.
'J. Almlof and P. R. Taylor, J. Chem. Phys. 92, 551 ( 1990) (finite field m ethod).
cComponents determined using a ,  of G. D. Zeiss and W. J. Meath, Mol. Phys. 33, 1155 (1977), and relative
values of W. F. M urphy, J. Chem. Phys. 67, 5877 (1977); as quoted in G. D. Zeiss, W. R. Scott, N. Suzuki, D. 
P. Chong, and S. R. Langhoff, Mol. Phys. 37, 1543 (1979).
' R. P. M cEachran, A. D. Stauffer, and S. Greita, J. Phys. B 12, 3119 (1979).
8 R. R. Teachout and R. T. Pack, At. Data 3, 195 (1971).
TA BLE IV. (A )  Long range dispersion coefficients for A r - H : 0  (in atomic units). (B) Long range disper­
sion coefficients for A r - D , 0  (in atomic units).
(A ) / rn Im ^  6 C \m
Im 
^  8
Imq f* Im ^  10
0 0 204.840 5069.37 143 760
1 0 -  150.134 -4 5 1 3 .5 1
2 0 0.265 47.45 1249
2 2 3.785 150.92 3325
3 0 18.268 1356.55
3 2 -  32.862 -  2507.82
4 0 -  54.57 - 4 1 5 2
4 2 71.89 5096
4 4 35.96 1498
5 0 43.09
5 2 -  18.22
5 4 -  206.60
6 0 109.
6 2 -  204.
6 4 436.
6 6 183.
(B) 0 0 204.840 5036.55 142 420
1 0 -  79.975 -  2202.19
2 0 0.265 3.23 -  123
2 2 3.785 147.30 2862
3 0 18.375 1360.58
3 2 -  31.731 -  2443.74
4 0 -  45.45 -  3335
4 2 57.96 3815
4 4 35.96 1480
5 0 13.29
5 2 17.21
5 4 -  193.74
6 0 128
6 2 - 2 0 4
6 4 333
6 6 183
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T A B L E  V. (A )  Long range induction coefficients for A r - H 20  (in atomic units). (B) Long range induction 
coefficients for A r - D : Q (in atomic units).
/ m im ^  6 C \m
/° Im 
^  8
/° Im ^  9 f* Im 10
(A ) 0 0 24.493 569.22 13 203
1 0 5.153 -  615.60
2 0 10.953 -  178.75 -  2630
2 2 200.33 5435
3 0 2.249 825.33
3 2 -  45.833 -  1144.10
4 0 - 4 3 . 6 1 -  1751
4 2 87.52 1592
4 4 79.28 1823
5 0 51.46
5 2 - 4 5 . 2 2
5 4 -  283.72
6 0 190
6 2 -  355
6 4 714
6 6 315
(B) 0 0 24.493 572.13 13000
1 0 15.214 -  400.33
2 0 10.953 -  173.92 -  2694
2 2 195.19 5229
3 0 6.640 730.39
3 2 -  45.833 -  1060.19
4 0 - 4 1 . 3 9 -  1280
4 2 67.76 1018
4 4 79.28 1799
5 0 26.03
5 2 -  2.81
5 4 -  255.37
6 0 217
6 2 -  370
6 4 575
6 6 315
The parameters alm listed in Table II A have been obtained 
from a least squares fit of the logarithm of the corresponding 
terms in the angular expansion of the H eitle r-London ener­
gies calculated at R  =  5.5, 6.5, and 7.5 bohr.
. THE INTERACTION POTENTIAL OF Ar-D20
The interaction potentials of two different isotopic spe­
cies of the same van der Waals molecule are the same, since 
the solution of the electronic Schrödinger equation in the 
clamped nuclei approximation is independent of the nuclear 
masses. (W e assume here, of course, that the geometries of 
the rigid monomers are independent of their nuclear 
masses). However, in the second step of the Born-O ppen- 
heimer approximation, where the rotation of the monomers 
around their centers of mass is considered, it is necessary to 
describe the potentials of different isotopic species with re­
spect to the different nuclear centers of mass .36 Clearly, the 
expansion coefficients of the intermolecular potentials are 
origin dependent, but we can obtain the required potential 
expansion coefficients for both the short and long range 
parts without any additional time consuming ab initio calcu­
lations.
The vector R is measured from the nuclear center of 
mass of m onom er/i .  Isotopic substitution in m onom er/ i  will 
shift this center of mass by a vector t, so that R =  t +  R'. The
vector t points from the old origin O to a new origin O '. The 
point R' is easily expressed in the original (unprim ed) co­
ordinates and so we can com pute the value of the fitted H L  
energy in the point R'. Numerical integration of the fitted 
H L  energy times S lm (0',<J>') yields the new expansion coef­
ficients (R  ') .
We could proceed in the same way for the long range 
coefficients. Instead we have followed an analytic route by 
deriving a formula for the translation of polarizability ten­
sors. We shall briefly sketch this derivation. An irreducible 
frequency-dependent polarizability tensor (a m onom er 
property) is defined by
a ( 1 1 ' )  L  M (7)
m , m
where (lm;l 'm ' IL M  ) is a C lebsch-G ordan  coefficient and
{co) is a reducible 2/-2/ -pole polarizability. Dispersion 
coefficients are computed by numerical quadra ture  of the 
C asim ir-Polder  integral35
r  cc r/ t^Al'A')LA 
M .
J O
U c o ) a ^ " )L"Uco)d(o, ( 8 )
which involves the product of two irreducible tensors, one on 
each m onom er A and B. The reducible polarizability a ‘!iun- is
J. Chem. Phys., Vol. 94, No. 12,15 June 1991
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bilinear in the multipole operators
Q'n, X  Z a 9 ‘m(ra ). (9)
ci&A
where $ / lm ( ra ) is a solid harm onic in R acah ’s normalization 
and r a is the position coordinate of particle a  with charge Z (l 
in m o n o m e r /*. Equivalent definitions hold for m onom er B.
The particle coordinates x(l are measured from the nu ­
clear center of mass of m onom er A. Shift of this center of 
mass by the vector t gives for all a: ra =  t +  r'a . To investi­
gate how the irreducible polarizability tensor in Eq. (7) 
transforms under this displacement of origin, we use the fol­
lowing translation formula for solid harm onics37
2 / y /2ZIJ (I -  A,m - /U-A,fi\l,m)
A. f i
( 10 )
Substituting this equation into Eq. (7 ) ,  while suppressing 
the dependence on co, we obtain
j
a ar)L
a M
1 I I  ^  Ia ,/i ,m
X ( l n v , r m ' \ L M ) { I ’ -  A \rri  -  ¡u'-,A > ' | / ' ,m '>
( 1 1 )
where a ^ t ' is a translated reducible polarizability, i.e., it is 
described with respect to the origin O '. Consecutive substitu­
tion of the inverse of Eq. (7)
a A A  ' ( A A  ’ ) L ' ( 1 2 )
L  ' M  ‘
of the G aunt series, 37
I -  A + r  -  A ’ -  A y ^â(t)
12
X (/  — A,0;/ ' — /Î ' ,0 |A ,0)
X ( l  — A,m — ¡j.\l ' — /I ',m ' — /x'| A ,f i) (13)
and the following expression for a 9y symbol: 37
£  (1' — A ' , /x ' | / 'w ')
X ( l m ; r m ' \ L M ) ( l - A , m  -  ^ 1 '  - A \ m '  - / i ' |  A,H> | L ' M ' )
[ ( 2 / +  l ) ( 2 / , +  l ) ( 2 A - h  1 ) ( 2 L ' +  1 ) ] l/2(A i l ;L  ' M ' \ L M  )
/I 
/I '
A
A r
A 1 V ► (14)
L ' L .
leads finally to
a ( I D LM I 'A.A ' 
A X ’
{ 2 / V /2/  21 ' N 1/2 
V2A/ \ 2/l
r i-A A / I
X < / — >1,0;/' — /i \0 |  A ,0 ) |  1' — A '  A '  V
A
X [ (2 /  +  l ) ( 2 / # +  1 ) ( 2 A +  1 ) ( 2 L #+  1)] 1/2
( A A  ' ) L ’ (15)
n.A/'
Note that we can also translate the polarizabilities in the 
backward direction from 0 '  to Oy when we use 
3 ^  ( — t) =  ( — 1 ) A<^ n  (t)- The translated polarizabilities 
are finally substituted into the C asim ir-Po lder  integral ( 8), 
which gives a dispersion energy with respect to a shifted 
center of mass of the water monomer. The induction energy 
with respect to this center of mass is obtained similarly, 
through the translation of the permanent multipole m o­
ments of H 20 .
IV. DISCUSSION OF THE Ar-H20  AND Ar-D20  
POTENTIALS
Only two ab initio potentials for A r - H 20  are available 
in the literature: the SCF potential of Losonczy et a / .15 and 
an SCF plus dispersion potential of Ko/os et al .]b The first
I
The latter authors calculated the interaction energy for 11 
different orientations and 4 to 7 intermolecular distances. 
Their potential is a sum of an SCF energy and a dispersion 
energy consisting of contributions from individual bonds. A 
London-type formula was applied to each bond-bond  inter­
action and the most stable geometry has argon on the H 20  
symmetry axis on the side of the H atoms. Both papers report 
a shallow minimum at the SCF level. Ko/os et al .]h showed 
also that the anisotropy of the interaction is small. U nfortu ­
nately, their num ber of computed geometries is too small to 
determine the global minimum. Also, a significant basis set 
dependence of the potential was observed, although the au ­
thors corrected their results for basis set superposition er­
rors.
In the present study we use much larger basis sets; they 
reproduce very well both first- and second-order properties 
(cf. Tables I and I I I ) .  Furtherm ore, we have scanned accu­
rately the entire potential energy surface. We find that the 
most stable configuration has polar angles (50.5°, 0°). Since 
one of the protons has angular coordinates 0  =  124.5° and 
4> =  0°, we see that the minimum configuration occurs when 
the A r  atom is placed on the extension of the H O  bond in the 
direction of the O atom. This shows, incidentally, that the 
interaction is not of hydrogen bond type. The minimum is at 
6.407 bohr with a well depth of 157.1 c m " 1, which differs 
considerably from the results of Ko/os et a /.,16 who found 
7.4 bohr and 71.3 c m ” \  respectively. For  their most stable 
configuration we find 6.90 bohr and 120 cm -  ’, so there is
paper gives one conformation only ( A r  along the O H  b o n d ). quite some discrepancy between our calculation and the one
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of Ko/os et al. The minim um  in our isotropic potential is at 
R =  6.820 bohr with a well depth of 120.8 c m " 1. This con­
firms that the potential has indeed a very small anisotropy, 
which is of the order of 36 cm -  *. The molecule is highly 
nonrigid in its angular coordinates and the concept of an 
equilibrium orientation is not very relevant for this system.
O ur potential can also be compared with the recent em ­
pirical A W 1 surface of Cohen and Saykally (C S ) . 10 These 
authors  use an isotropic C6 value of 197.5 a.u. obtained from 
combination rules. O ur ab initio calculation yields 204.8 a.u. 
(Table IV A ).  The CS global m inim um  is at R =  6.800 
bohr, O =  94.3°, <t> =  0°; ours is at R =  6.407 bohr 
0  =  50.5°, <t> =  0°. The well depths are 174.7 and 157.1 
cm ', respectively. An earlier estimate of the dissociation 
energy Dc of  A r - H 20  made by Saykally and co-workers0 is 
153 cm ', which is in good agreement with our present val­
ue. The CS isotropic minimum is at R =  6.867 bohr, ours is 
at R =  6.820 bohr; the isotropic well depths are 153.3 and 
120.8 cm respectively. Although the agreement w'ith the 
work of CS is not perfect, we agree on the fact that the van 
der Waals molecule has a planar equilibrium geometry and 
that the potential is almost isotropic. Also the dissociation 
energies are not too far apart.
Energy saddle points satisfying d E / d R  =  0 are plotted 
in Fig. 1 as a function of O and <J>. The corresponding mini­
mum  R values can be read off from Fig. 2. These figures 
illustrate how little the interaction energies of particular 
configurations differ and how small the energy barriers are 
that separate them. They also illustrate that argon likes to be 
in the xz  plane with positive z on the extension of an HO 
bond.
The radial dependence of the lowest expansion coeffi­
cients in our potential is presented in Fig. 3. The most im por­
tant among the anisotropic contributions in the region of the 
isotropic well is uI0. Next in importance is not v20, but v32 •
1 8 0
1 6 0
1 4 0  1
120 -
6 0  =
4 0  -
20 -
0
0 10  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0
4> (d e g r e e s )
FIG . 2. Orientational dependence of the equilibrium distance (in bohr) in 
the A r - H : 0  interaction potential.
This may be compared with our earlier work on A r - N H 3 
where we found that is more im portant than u20. The 
other contributions are minor and compete with each other, 
e.g., u22 ~  v42. The induction contribution is not large, on the 
whole it is 1 0 % -1 5 %  of the dispersion, but it is more s trong­
ly anisotropic.
10
5
-C
I
o
i
0
- 5
- 1 0
- 1 5
- 2 0
FIG . 1. Orientational dependence of the van der Waals well depth (in 
lO“ 5# * )  in the A r - H 20  interaction potential.
FIG. 3. Radial dependence of the lowest expansion coefficients v,m for the 
A r-H L O  interaction potential.
6 7 8
R(bohr)
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Following the procedure described in Sec. I l l  we have 
computed the potential for A r - D 20 .  The short range fit pa­
rameters are displayed in Table II B and the long range dis­
persion and induction coefficients are listed in Table IV B 
and Table V B, respectively. It is of interest to check how 
accurate our procedure is of computing the A r - D : 0  poten­
tial. To this end we scanned the potential energy surface for 
A r - D .O  and we found R  ' =  6.497 bohr for polar angles 
( 52.3°, 0°) with a well depth of 151.6 cm 1. The difference of 
5.5 cm ” 1 in the well depth of A r - D : O and A r - H 2 O is m ain­
ly caused by the translation of the long range coefficients, 
which reduces the long range dispersion attraction by 2.5%. 
Note here that the multipole-expanded long range energy is 
invariant under a change of m onom er origins, if ( and strictly 
speaking only if) the summation is taken to infinity. Calcula­
tion of the classical virial coefficient Z?clas ( T) (see below ) for 
A r - D : 0  showed that the computed error in this quantity 
was even smaller than in the energy and close to 0 .5%.
250 300 350 400 450
T(K)
FIG. 4. Comparison of the ab initio virial coefficients for A r - H , 0  (total:
solid line, isotropic: broken line) with experimental values (stars: Ref. 39, 
squares: Ref. 40) including error bars. The experimental virial coefficients 
for pure A r arc shown also (circles: Ref. 41 ).
V. CALCULATION OF SECOND VIRIAL COEFFICIENTS 
FOR Ar-H20
The second virial coefficient is one of the observable 
properties that can be calculated, once we have a full poten­
tial energy surface at our disposal. The molecule H : 0  is an 
asymmetric top and therefore we cannot use the formulas of 
Pack38 for the first quantum  correction on the virial coeffi­
cients [through O(Æ)2].
Instead, we write
B ( T )  = B cln(T )  +  A B \ mnt(T )  (16)
where
Bcu»(T)  = ^ i J ( 1 - e ~ pnR) ) d R  (17)
and A B  quan, ( T)  stands for an approximation to the quan­
tum corrections. N A denotes A vogadro’s number,/?  =  \ / k T  
with k  equal to Boltzm ann’s constant.
The integration in Eq. (17) over the three-dimensional 
configuration space has been performed numerically with 
the aid of the same quadratures  as described in Sec. III. For
T A B L E  VI. Classical second virial coefficients for A r - H 20  (cm ' mol ') 
and approximated values of quantum  corrections.
n K ) ■^clns
A D  a 
qtianl # c * P
298.15 — 31.58 0.40 -  0.45 -  37 ±  6b
323.15 — 26.08 0 . 3 4 - 0 . 3 8 - 2 5  ± 5
348.15 -  21.52 0.30 -  0.33 - 2 0  ± 4
373.15 -  17.67 0.26 -  0.29 -  1 4 ±  3
-  19 ±  T
383.15 -  16.30 0.25 -  0.27 -  18 ±  3
393.15 -  15.00 0 . 2 3 - 0 . 2 6 - 2 3  ± 5
403.15 -  13.79 0 . 2 2 - 0 . 2 5 -  19 ± 4
413.15 -  12.64 0.21 - 0 . 2 4 -  1 8 ± 7
423.15 -  11.55 0 . 2 0 - 0 . 2 3 -  15 ± 4
a Approximate quantum  correction for the relevant oblate and prolate tops, 
respectively. 
h Reference 39. 
c Reference 40.
the integration over the angles 0  and <J> a 10 x 20 grid was 
used. For the integration over R a 400 points trapezoidal rule 
was applied to the interval R e [ 4.0, 84.0] bohr. In the inner 
region (R  < 4.0 bohr) the function exp( — /3V) is effectively 
zero which gives a constant contribution to the classical 
term. For  R > 84 bohr the contribution to BcUiS ( T) has been 
found to be negligible. Computed numbers are stable against 
changes in the number of integration points and boundaries.
The results of our calculation, presented in Table VI, 
agree very well with experimental results of.39,40 In order to 
get an idea about the size of the quantum  corrections
&B quant (7"), we calculated these assuming that H : 0  is a 
symmetric top. We considered two extreme cases: a prolate 
top [rotational constants A > B  =  C  with A =  1 /2 I x and 
B = C =  l / ( / v, + / - , ) ]  and an oblate top [A =  B > C  with 
A = B =  l / ( / A +  / , )  and C =  1 /2 I v ] and used the form u­
las presented earlier .26 The following values of the inertia 
moments have been used I x =  2.194, I v =  6.318, / ,  =  4.124 
amu bohr2.
The final results show that the values of the quantum  
corrections are very small when compared with B c]as ( T) and 
that neglecting them does not deteriorate the agreement 
with experiment. This is understandable as the temperatures 
considered are high enough to suppress the role of quantum  
effects. It is also worth noting that the anisotropic terms in 
the potential do not influence the values of B( T) significant­
ly, cf. Fig. 4, which again confirms that the system is very 
floppy in the angular coordinates.
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